INTRODUCTION
Polyoxometalates (POMs) are a class of inorganic compounds which have fascinated chemists for almost two centuries. Indeed, the so called "molybdenum blues" were described by Berzelius as early as 1826, but only the last decades have witnessed the systematic synthesis and characterization of this ever growing family of compounds. (1) Polyoxometalates are negatively charged aggregates of transition metals (mainly Vanadium, Molybdenum and Tungsten) with oxygen. More precisely, they are typically composed of metal ions in their highest oxidation state bridged by oxo ligands (O 2-). Almost any other element can be incorporated into the POM framework, and this leads to a overwhelming diversity of structures and properties. (2) (3) (4) (5) It is therefore not surprising that POMs have attracted interest from a variety of disciplines, and nowadays applications in the fields of chemical analysis, catalysis, material science, nuclear waste treatment and medicine are developped. (6, 7) The last point might appear surprising, as inorganic pharmaceuticals are still rare compared to the far more common organic compounds. (8) The aim of this review is therefore to introduce the field of POMs to researchers outside the (inorganic) chemist community and to survey some of the biomedical studies that have appeared today. We are convinced that a closer exchange between chemists and biologists will boost the developement of biomedical applications of POMs, giving rise to new possibilities in molecular biology and in diagnosis and therapy of diseases. Excellent reviews have been published on biological and medical applications of POMs. (9, 10) As each author emphasizes different aspects, the interested reader should refer also to those publications.
Structure drawings
POMs contain a fairly large number of atoms in a relatively compact, three-dimensional structure. The representation of all bonds of every atom is therefore very crowded and not always informative. Instead, chemists have adopted the polyhedral representation where each metal ion is in the center of a polyhedron with its ligands on the vertices. For instance, a hexacoordinated metal is represented by an octahedron and a tetracoordinated metal by a tetrahedron. In condensed structures with bridging ligands, the polyhedra share vertices and edges, or more rarely faces. 
OVERVIEW OF POLYOXOMETALATES

Synthesis
In aqueous solution, transition metal cations are coordinated by aqua (H 2 O), hydroxo (OH -) and oxo (O 2-) ligands. The acidity of a coordinated ligand parallels the charge of the metal cation. The higher the positive charge of the metal, the easier the protons on the ligand dissociate. Therefore, the highly charged cations of fully oxidized metals of groups 5 and 6 (e.g. vanadium(V), molybdenum(VI), tungsten(VI)) form stable complexes with oxo ligands in aqueous alkaline solutions (VO 4 3-, MoO 4 2-, WO 4 2-). On acidification, a condensation reaction takes place, which yields M-O-M bridges (for details see inorganic textbooks (11-13)). This process can be repeated.
Furthermore, an expansion of the coordination number (i.e. the number of attached atoms to a given metal ion) occurs, and condensed structures result. (14) The precise nature of the POM thus formed depends on the boundary conditions, i. e. stoichiometry, solvent, pH, temperature, concentration, counterions, and many different compounds can be created by systematic variation of these factors. In addition, the formation of coordination bonds is reversible. As a consequence, the oxo bridges in POMs can be cleaved by the addition of base, and many more compounds are obtained by controlled degradation. These products are called lacunary POMs as opposed to plenary or saturated POMs. The derivatization of preformed POMs is now fairly well understood and rational syntheses of regiospecifically substituted Keggin and Dawson structures (see figure 2 below) have been developped. (15) (16) (17) In other respect, the linking of preorganized and transferable building blocks has afforded extremely large POMs. (18)
Classification
One can divide the family of POMs in several groups depending on their composition and structure. (2, 11, 12, 19) n-(X = heteroelement, x smaller than m) belong to the sub-class of heteropolyoxometalates.
Common structures of iso-and heteropolyoxometalates
Among the different structures known for POMs, some are more common and are shown in Figure 2 . The Lindqvist structure is adopted by hexametalates of the formula [M 6 O 19 ] n-. It consists of an octahedral arrangement of six octahedra. Each octahedron (which represents a metal ion with its coordination sphere, as explained above) is sharing four edges with four neighboring octahedra. This is a very compact arrangement, and the Lindqvist structure can indeed be seen as a fragment of a cubic closed packed metal oxide.
The structures in Figure 2b and n- (Fig. 2e ) can be formally considered as the combination of the fragments of two Keggin ions. A trimetallic group is withdrawn on each Keggin ion, and the remaining fragments are associated.
As mentioned above, lacunary structures are obtained by the selective removal of one or more metal ions by addition of base. They present open coordination sites which can be occupied by other metal or non-metal atoms. This strategy is commonly used to modify the structure and properties of POMs.
Functionalized POMs
Although it is now a common practice to refer to functionalized POMs, there does not seem to be a general agreement on the scope of this expression which will be used here in the brodest sense. One can recognize four subclasses of functionalized POMs. i) Metal derivatives of lacunary POMs can be properly viewed as functionalized 
BIOLOGICAL AND MEDICAL ACTIVITIES
Antiviral activities
In 1970, a group in Paris around Chermann noticed an inhibitory effect of "silicotungstic acid supernatants (STAS)", a cell culture supernatant obtained in a procedure where silicotungstic acid was employed. (30, 31) They subsequently recognized that the inhibitor was the silicotungstate ion, (32) and this led to a systematic study of the antiviral activities of this and other polyanions. (33) (34) (35) (36) (37) (38) 6-after thermal activation of a oxygen-to-molybdenum-charge-transfer. The reduced species would then be reoxidized by reduction of the tumor cell, causing cell lysis. This hypothesis can be correlated with the study of DNA binding of (NH 3 i Pr) 6 [Mo 7 O 24 ]. It was shown that the heptamolybdate binds non-specifically to single and double-stranded DNA with little recognizable modifications of the DNA structure. (55) The cytotoxicity should therefore not result from interaction with DNA.
Polyoxotungstates
Antitumor activities of a variety of polyoxotungstates are mentioned in the scientific literature or in patents. (56) (57) (58) (59) (60) In the last few years, Liu, Pope and their co-workers have investigated the cytotoxic properties of many heteropolyoxotungstates against cancer cell lines in vitro. In order to allow a comparison of their separately published work, the reported IC 50 footnote 2 values have been recalculated in µM (micromolar) and compiled in Table 1 . The authors focused mainly on organic derivatives of heteropolyoxotungstates containing RSn or CpTi (Cp = cyclopentadienyl) groups.
Attempts have been made to correlate the cytotoxicity of the compounds with the potential of the first reduction process. Within several series of closely related compounds, it was found that the sequence of IC 50 values is consistent with the order of the reduction potential: the higher the reduction potential, the higher their cytotoxicity. (65) However, this correlation cannot be generalized. Indeed, structure and composition clearly also play an important role in determining the activity. Furthermore, the encapsulation of [CoW 11 TiO 40 ] 8-in starch nanoparticles enhances considerably its activity against tumor cells. (64) It was shown that encapsulation increases the cell penetration of [CoW 11 TiO 40 ] 8-, and it can therefore be assumed that the higher efficiency is due to a higher concentration of the heteropolytungstate inside the cell. Organic substituents on the polyoxometalate core might have the same effect, (10, 65) but this hypothesis still needs to be verified. Obviously, further investigations are necessary to elucidate the mechanism of the cytotoxicity of polyoxotungstates in vitro, and to establish a structureactivity relationship. Few data are available on the antitumor activity of polyoxotungstates in vivo. Yamase reported in his patent applications the growth inhibition of Meth A tumors in mice by rare earth-containing decatungstates. (56, 58) For instance, the intraperitoneal uptake of Na 9 [EuW 10 O 36 ] resulted in a slower tumor growth. After administration of 100 mg/kg/day for 9 days, the tumor weight was only 44% of that of the control group. Liu 
Antibacterial activities
Beta-lactam antibiotics such as penicillins and cephalosporins hinder the construction of the cell wall in bacteria. They are by far the largest class of antibiotic drugs used. Therefore the increasing resistance of bacteria to these drugs represents a major health problem today. Many bacteria produce beta-lactamases. These enzymes hydrolyse the beta-lactam ring of the antibiotics, which makes the drug ineffective. The combination of beta-lactam antibiotics with a beta-lactamase inhibitor such as ) can restore the antibiotic effectiveness. On the other hand, hydrolytically stable penicillins such as methicillin and oxacillin have been developped. Bacteria were developing resistance against these antibiotics by modifying their Penicillin-Binding-Proteins (PBP). For instance Methicillin-Resistant-Staphylococcus Aureus (MRSA) strains produce the PBP variant PBP 2', which plays the same role in the construction of the cell wall as PBP, but is insensitive to beta-lactams. These penicillin-resistant bacteria represent a very serious threat to humans, in particular in intensive care units, and much effort is devoted to find effective antibiotics against MRSA infections.
In 1993, Tajima reported the effect of an aged mixture of tungstate and phosphate in combination with betalactam antibiotics. (70) He discovered that a factor (named "Factor T" for Tungstate) greatly enhanced the antibacterial effect of the drug in MRSA strains, but there was no synergism of factor T with other classes of antibiotics, nor any effect on other groups of bacteria. He subsequently studied the mechanism of action of Factor T, and found that it reduced the amount of PBP 2', and thus sensitized the MRSA strains to beta-lactams. 7-depresses the production of beta-lactamases, which contributes also to the synergistic effect with beta-lactam antibiotics. No synergism was found with other antibiotics.
In the context of the effect of POMs on the production of beta-lactamases, a preliminary note by Davies should be considered. He reported the induction of beta-lactamases expression in Bacillus Licheniformis upon addition of vanadate, tungstate or molybdate to the growth medium. (78) The composition of the medium favors the formation of POMs. It would therefore be of interest to check the influence of POMs on the production of beta-lactamases in different cell lines. 
Diabetes
Diabetes mellitus is the name given to a multiple group of disorders in the carbohydrate, protein and fat metabolism, characterized by a high blood glucose level. (82, 83) It is associated with insulin deficiency (Type I, insulin-dependent-diabetes-mellitus) or insulin resistance (Type II, non-insulin-dependent-diabetesmellitus). Insulin is a peptidic hormon synthesized by the pancreatic beta-cells. Because type II diabetes represent around 90% of all cases, and also because insulin can not be administered orally, the development of new, preferentially oral, treatments is an important goal in pharmaceutical research. In the 1980's, the insulin-mimetic effect of vanadium salts was recognized in cells and in animal models of diabetes. (84) (85) (86) A large number of vanadium (IV and V) compounds with different organic ligands have been tested, and the results have been reviewed extensively. (87, 95) Although it is established that orally administered vanadium complexes alleviate the symptoms of diabetes also in human beings, (96, 97) their mode of action is not fully understood. It is commonly admitted that vanadium does not replace insulin, but enhances its action through competitive inhibition of regulatory protein phosphatases in the insulin signaling system. 3-prompted a spanish group around Guinovart to study their effect on the glucose metabolism in isolated hepatocytes. (98) They found similar, although less strong effects for molybdate and tungstate. In a series of studies with animal models for type I and type II diabetes (Streptozotocin-induced diabetic, Neonatally Streptozotocin-induced, and Zucker Diabetic Fatty rats), they established the antidiabetic effect of tungstate in vivo. (99-101) These animal models have a more or less impaired hepatic glucose metabolism. Orally administered tungstate decreases the blood glucose level in these diabetic animals, but not in healthy animals. However, conclusions for the possible treatment of diabetes in human beings are premature, because the long-term effects depend largely on the animal model. In another animal model (Stroptozotocin-Nicotinamid induced) with a reduced pancreatic beta-cell mass, and with a normal hepatic glucose metabolism, no modification of the hyperglycemia was observed. Only a transient reduction of the glucose intolerance occurred. (102) These results suggest that tungstate is acting at the hepatic level, which is correlated with the inhibition of glucose-6-phosphatase (103) and with the glycogen synthesis activation (104) by tungstate. But as it is the case for vanadate, different mechanisms are most likely responsible for the normalization of glycaemia In comparison to mononuclear complexes, polyoxometalates have been far less studied in the context of diabetes. The most systematic work was done by Nomiya and his collegues, (106) who examined the insulinmimetic effect of a series of forteen compounds, mostly polyoxotungstates and vanadium-substituted polyoxotungstates ( Table 3 ). The data were obtained with groups comprising mostly 2-4 mice, who showed individual variability. The compounds were dissolved in the drinking solutions, to which the mice had free access. The consumption of the solutions differed strongly between the groups. On the forth day, the sample solutions were replaced with pure drinking water. The blood glucose level and the body weight were monitored over ten days. In several groups, the variations were rather irregular. In Table 3 are compiled some trends which can be seen: i) the variation in the blood glucose level compared to an untreated group, ii) the effect on the blood glucose level and iii) the effect on the body weight of each compound relative to that of NaVO 3 . It should be noted that the authors started their work with the hypothesis that the active component in their compounds was vanadium. They therefore adjusted the concentrations of each complex such that the vanadium concentration was constant (except for homopolyoxotungstates). It can be seen from Table 3 6-is stable at mM concentrations in water. Although these results need to be put on a larger basis, they show clearly that polyoxometalates have a potential in diabetes treatment.
CELL PENETRATION
POMs are large (in the nanometer size range) and highly negatively charged species. These two factors certainly don't facilitate their penetration into cells. One might therefore conclude that the observed activities result from the interaction of the POMs with the cell surface. Some studies however indicate that under certain circumstances, POMs can cross the barrier and penetrate inside a cell. 
